[1] Current interest in multicatchment hydrologic studies challenges the use of geochemical mixing models across scale, where changes in stream water chemistry from catchment to catchment may indicate (1) changes in the proportional contributions of end-members, (2) changes in the geochemical signatures of end-members in space, or (3) changes in the geochemical signatures of end-members in time. In this study we examine stream water chemistry from a series of eight nested catchments in a 1.47 km 2 temperate forest watershed in southern Quebec for evidence of contributing end-members. We use eigenvector and residual analysis (Hooper, 2003) of the multivariate stream water chemistry records to estimate the dimensionality of the mixing space for each individual catchment, indicating the number of contributing end-members. Using the mixing space of the largest, highest-order catchment (1.47 km 2 ), we evaluate its ability to predict stream water chemistry in the seven upstream catchments, representing progressively smaller areas. We observe significant spatial variation in ionic mixing ratios within the 147 ha watershed. Only spatial testing across catchments allowed us to identify appropriate conservative tracers most compatible with the application of a single mixing model across scale. On the seasonal timescale, groundwater geochemistry changes significantly due to the recharge from spring snowmelt, indicating a mixture of two groundwater end-members of varying age. On the timescale of storm events, shallow perched water and throughfall provide geochemical signatures consistent with physical mixing while unsaturated zone soil water sampled from local pockets of glacial till does not. Our results suggest cautious application of end-member mixing analysis (EMMA) for multicatchment studies.
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Introduction
[2] Detailed empirical studies of runoff generation are moving beyond the simplifying confines of headwater catchments to include larger spatial extent [e.g., Mulholland et al., 1990; Fan, 1996; Brown et al., 1999; Shanley et al., 2002; McGlynn et al., 2004] . In doing so, these studies address how catchment hydrological and biogeochemical properties and processes vary across scale. One approach to the analysis of hydrologic response across multiple catchments has been to compare the varying contributions of source waters to the stream channel by using mixing models that rely on natural tracer techniques. Mixing-models identify different temporal and/or geographical sources of water that contribute to stream flow and are used for hydrograph separation and end-member mixing analysis (EMMA) [Genereux and Hooper, 1998; Hooper, 2001 Hooper, , 2003 .
[3] Natural tracer techniques take advantage of the chemicals and chemical isotopes in the catchment environment to investigate flow paths, water residence times, and transport and transformations of chemical solutes and nutrients [e.g., Sklash et al., 1986; Stewart and McDonnell, 1991; Bazemore et al., 1994; Gibson et al., 2000] . The use of natural tracer techniques has arisen, in part, because of the difficulty of measuring storm flow generation at the hillslope and catchment scales [Bazemore et al., 1994] . They provide an integrated response at the scale of individual catchments with an immediate link to hydrologic flow paths [Sklash, 1990; Kendall, 1993; Genereux and Hooper, 1998 ].
[4] EMMA relies on the assumptions of linearity of the mixing process, the conservative behavior of tracers, and the time invariance of end-member compositions [Hooper, 2001 [Hooper, , 2003 . End-members represent the chemical compositions of source waters existing within a catchment that undergo physical mixing only during travel time to the stream channel. In the development of two-and threecomponent mixing models, geochemical and/or isotopic signatures of end-members have been estimated directly from field sampling [e.g., Mulholland et al., 1990; Hangen et al., 2001; Scanlon et al., 2001] . Hooper [2003] offers an alternative inverse approach where eigenvector and residual analysis of observed stream water chemistry estimates the number contributing end-members. End-members characterized by direct sampling in the field are then screened for their ability to fit into the mixing space created by the analysis of observed stream water chemistry.
[5] Recent studies have used data sets of varying spatial and temporal extent in their evaluation of contributing source waters and flow paths Brown et al., 1999; Kendall et al., 1999; Katsuyama et al., 2001] . For a single summer storm event, Brown et al. [1999] use EMMA to examine runoff generation across a series of seven nested headwater catchments (8 to 161 ha) at Shelter Creek, Catskill Mountains, New York. Three end-members, throughfall, O-horizon water, and groundwater were identified as contributing to summer storm runoff. For this large storm event on dry antecedent moisture conditions, shallow subsurface flow can develop and deliver O-horizon water, identifiable by high dissolved organic carbon (DOC) concentrations to the stream channel. During the March -May 1996 spring snowmelt at Sleepers River, Vermont, Kendall et al. [1999] identified two contributing sources and flow paths for the 41 ha headwater catchment: (1) a shallow flow path, attributed to an O-horizon or overland flow, characterized by low base cation and silica concentrations and high DOC, and (2) a groundwater from a deep flow path, exhibiting high base cation and silica concentration and low DOC. Both hillslope till and soil water were rejected as potential end-members.
[6] The extensive analysis performed at the Panola Mountain Research Watershed (PMRW), Georgia, has made use of a multiyear stream chemistry record to identify contributing end-members Hooper et al., 1990; Christophersen and Hooper, 1992; Hooper, 2001 Hooper, , 2003 ]. Analysis at the 41 ha catchment scale proposed three contributing end-members to stream flow: a shallow organic A-horizon soil water, floodplain groundwater, and a hillslope or upper catchment groundwater (termed ''upper GW'' by Hooper [2001] ). However, Christophersen and Hooper [1992] found the A-horizon end-member did not fit into the stream water chemistry mixing space created by eigenvector analysis. A more recent study of PMRW at the 10 ha scale [Burns et al., 2001] found strong storm-based contributions from riparian groundwater and outcrop runoff with small but significant contribution from hillslope runoff. The influence of outcrop runoff at this 10 ha scale, where granite outcrop covers over 30% of the total area, is considerable.
[7] Certainly, the assumptions involved in the application of mixing models in catchment hydrology are challenged by the complex spatial and temporal heterogeneity of the catchment environment. Breakdown of the multiyear 41 ha PMRW data set indicated a temporal change in the geochemical signature of the A-horizon end-members [Hooper, 2001 [Hooper, , 2003 ] with sulfate and calcium concentrations decreasing by 50% from 1988 to 1991. Changes in stream water concentrations during this time appear consistent with the temporal change in the A-horizon end-member. Seasonal changes in groundwater geochemistry will also challenge the assumption of time-invariant end-members [Rademacher et al., 2005] .
[8] Strong evidence exists for spatial variation in soil water and groundwater signatures [e.g., Katsuyama et al., 2001] . Even within the 490 m 2 artificial grassland catchment Hydrohill located near Nanjing China, Kendall et al. [2001] observed large variability in groundwater concentrations of SiO 2 and chloride. Spatial variation in bedrock geology, and soils can alter geochemical signatures of terrestrial water by mineral dissolution and potentially necessitate more spatially complex mixing models. Interestingly, in an analysis of six different catchments at PMRW, Hooper [2003] suggests that surface exchange reactions promoted by immobile water in ephemeral catchments, not mineral dissolution, may be the cause of the variation in ion mixing ratios observed from different catchments.
[9] In this study, we apply the diagnostic tools of Hooper [2003] to evaluate contributing source waters across areas of 7 to 147 ha within a series of small nested catchments of temperate forest in southern Quebec, Canada (Figure 1 ). We are interested in determining (1) the dimensionality (or number of end-members) required to explain the observed outflow stream chemistry, and an evaluation of this dimensionality across scale, (2) what solutes can be assumed to be conservative in their behavior for implementation of EMMA across scale, and (3) a hydrological interpretation of contributing geographical source waters across scale specific to our field site. We hypothesize that the dimensionality of each catchment is the same, indicating the presence and mixing of the same number of end-members independent of scale but that the contributions of end-members may certainly change with scale. There exist only a few studies that apply EMMA across scale and fewer still that have tested the working assumption of conservative solute behavior Figure 1 . Westcreek watershed, Mont Saint-Hilaire, Quebec, Canada. Eight small catchments are defined within the watershed by location of gauging stations and surface topographic analyses. Independent sampling of source water end-members were collected from instruments installed along two transects (T1, T2) and from a perennial spring located immediately above the Sc gauging station. across scale [e.g., Hooper, 2003] . Testing of these hypotheses and model assumptions across multiple catchments is a major contribution of this study. Physical interpretation of the contributing end-members is performed by screening ''potential'' end-members independently sampled in the field against the eigenvector analysis of stream water chemistry.
Study Site

Physical Characterization
[10] Mont-Saint-Hilaire (MSH) is a forested UNESCO biosphere reserve and one of 10 Monteregian hills located in southern Quebec, Canada. Climate in this region is humid-continental, with daily mean temperature norms for January and July of À10.3°C and 20.8°C, respectively. The region receives an average annual precipitation of 940 mm, 22% of which comes in the form of snow (Meteorological Survey of Canada). Precipitation is relatively uniform throughout the year, although a strong seasonality in base flow exists due to spring release of snowmelt and increased evapotranspirative demands during the growing season. MSH is one of 13 remaining areas of old-growth deciduous forest in the St. Lawrence River valley. Sugar maple and American beech are the dominant species of trees with some sugar maples aged over 400 years old.
[11] The mountain is plutonic in origin, rising 350 m above the surrounding lowlands of the St. Lawrence. In the 1970s, K. L. Currie mapped the entire mountain, producing a detailed map of bedrock composition [Currie, 1983] . Recently digitized by B. Hamel (Gault Nature Reserve, Quebec, 2005) , this map (Figure 2) illustrates the complexity of the bedrock geologic composition underlying the Westcreek watershed located in the southwestern quandrant. The three plutonic intrusions that formed MSH during the Cretaceous period have resulted in bedrock made up of essexite, predominantly gabbros, on the western side of the mountain where the Westcreek watershed is situated. Chemical compositions of the various suites of rocks [Currie, 1983] suggest that geographic source waters (end-members), and in particular groundwater, could potentially experience different ionic mixing ratios (e.g., Mg 2+ , Ca 2+ ) as water moves internally within the watershed, resulting in spatially variable geochemical signatures and violating the assumption of spatially uniform end-member signatures. [12] For the purpose of this study, the Westcreek watershed is divided into variably nested small catchments defined by the location of stream gauging stations and topographic analysis of a high-resolution digital surface elevation model. These internal catchments range in size from 7 to 147 ha ( Figure 1 ). The Lk catchment is the largest catchment (147 ha) and the most downstream gauging station located at the outflow of the Westcreek watershed into a local lake (Lake Hertel). Table 1 lists the series of catchments defined within the Westcreek watershed and their nested and hydrologic status (ephemeral versus perennial).
[13] Soils at MSH originate from weathering of the parent igneous intrusions beginning after the Pleistocene glaciation [Webber, 1965] . In addition, lower elevations within the mountain (up to $170 m) were influenced by the postglacial Champlain sea [Webber, 1965] . On the hillslopes, soils are well drained and can range in depth from $10 cm to 1.5 m (e.g., Figure 1 , T1 transect in Aw catchment). In the valley bottoms, soils can be >2 m and perched water tables can form due to the presence of a lowpermeability layer, or fragipan [Dingman, 1994] , within 30-50 cm of the surface. This layer is limited in extent and does not appear on the hillslopes. Along the T2 transect (Vc catchment), soil thickness can be very shallow ($30 cm) on the gently sloping hillslope but maximum depths in the valley bottom are unknown. Variation in soils and the presence of pockets of glacial till are also a potential source of spatially changing geochemical signatures.
Current Hydrologic Understanding
[14] At MSH, catchment storage is typically very high in the spring due to the release of large amounts of water during spring snowmelt. During these wet conditions, the valley bottoms show extensive areas of saturation, a function of high water tables, and the presence of localized shallow fragipan on which perched water forms. As the summer season progresses, storage is depleted due to stream flow and evapotranspirative demand. Under these drier conditions, the saturated areas within the valley bottoms disappear. However, during individual storm events, transient saturation will occur in the valley bottoms on the shallow fragipan (potentially a function of both lateral flow from the hillslopes and impeded infiltration at the depth of the fragipan), connecting and delivering water to the stream channel. We hypothesize that this perched water, in addition to riparian groundwater and throughfall, is an important end-member and could distinguish itself with a unique geochemical signature, particularly under these drier conditions. Previous studies have identified a shallow subsurface flow path active during events Brown et al., 1999] . This perched water is potentially a component of water delivered via the shallow subsurface flow path that has been identified as an important endmember to stream water chemistry.
Methods
Field Sampling and Laboratory Methods
[15] Stream water was sampled at each catchment gauging station, prior to, during, and after 12 storm events using instantaneous grab samples during spring to fall field seasons of 2001 and 2002. Throughfall, rainfall that has traveled through the canopy, was sampled immediately after each storm event from a series of 18 bucket collectors located beneath the deciduous canopy throughout the 147 ha watershed. The resulting geochemical data set includes sampling of base flow and storm runoff under varying antecedent moisture conditions similar to those of Scanlon et al. [2001] , from wet conditions observed in early spring after snowmelt to much drier conditions of early fall. This record provides opportunity to observe changes in stream water chemistry over the course of both seasonal and storm-based changes in contributing geographical source waters.
[16] The geochemical signatures of source waters (endmembers) potentially contributing to the stream channel were sampled from a series of groundwater and perched water wells, piezometers, and soil water lysimeters located along two transects, T1 and T2, in the Aw and Vc catchments, respectively (Figure 1 ). Groundwater and perched water wells were dug and/or augered by hand, installed with PVC pipe screened the entire soil depth, and carefully backfilled. Perched water wells were installed in valley bottom areas to depths above the local fragipan. For groundwater wells where bedrock was deeper than could be reached by digging or hand augering, stainless steel piezometers were driven through the bottom of the well prior to backfilling to reach a maximum depth. Piezometers included a plastic tube insert running from the 0.5 foot (15 cm) screen to ground surface to avoid contamination of water samples drawn from depth. Along the steep hillslopevalley bottom transect T1, five groundwater wells range in depth from 0.8 to 2.3 m and three piezometers from 1.9 to 2.6 m. The three piezometers are estimated to be screened just above the mineral soil-bedrock interface. Along the more gently sloping transect T2, wells extended to depths of 1.0 m and piezometers to depths of 1.5 m. All groundwater riparian wells and piezometers were sampled on a bimonthly schedule. Although groundwater wells were installed on the hillslope along both transects, no hillslope groundwater was successfully sampled from these wells.
[17] Along transect T1 (Aw catchment), soil water lysimeters were installed to sample water from a depth of 35-40 cm with three lysimeters located on the hillslope and three in the valley bottom. On the hillslope, lysimeter depths extended into the mineral soil. In the valley bottom, lysimeters were located above the shallow fragipan at $40 cm. Along transect T2 (Vc catchment), hillslopes are of lower relief with shallow soils extending into a variably [18] All water samples were collected in 250 mL HDPE bottles, filtered using 0.45 mm cellulose acetate syringe filters, and separated for individual analyses. Samples were analyzed for a suite of anions and cations, dissolved organic carbon (DOC), and electrical conductivity (EC). Cation samples were acidified to 2 -3 pH and refrigerated at 4°C until ion exchange chromatography analysis was performed. Anion samples were frozen for storage purposes and thawed for ion exchange chromatography analysis. Ion exchange chromatography was performed at the University of Toronto Mississauga geography department using a Dionex DX-500. Electrical conductivity (EC) measurements were made at 25°C on unfiltered sample water. DOC was measured using a Shimadzu TOC 5050 organic carbon analyzer. Analytical precision of measurements is expressed in percent of average concentrations at the Lk (147 ha) catchment for each solute (Table 2) . Charge-balance alkalinity (ALK) of each filtered sample was calculated assuming electrical neutrality and by balancing the charges from all other major ions [Kehew, 2001] where all other major ions were measured directly using ion exchange chromatography. Evaluation of analytical precision included analysis of repeat samples to evaluate any changes in concentrations due to extended refrigeration storage time (2 -12 months).
Eigenvector and Residual Analysis
[19] We apply the diagnostic tools of Hooper [2003] to estimate the number of end-members mixing to form stream water. Using as input the catchment's multivariate stream water chemistry data set, an eigenvector analysis is performed using the correlation matrix of the standardized values. The analysis results is a series of eigenvectors that reduce the dimensionality of the mixing space, transforming a description of stream chemistry with dimensions equal to the initial number of solutes (e.g., 9) to a lower dimension (e.g., 2) with orthogonal axes describing the variance in stream water chemistry. To objectively determine the dimensionality of the data set, or how many eigenvectors to retain, we apply residuals analysis for each solute [Hooper, 2003] . For an individual observation of stream water chemistry, a residual is defined by subtracting the original value from its orthogonal projection, the projection of the original observation into the reduced dimensional mixing space. Additional eigenvectors are retained until there is no structure to the residuals [Hooper, 2003] . Dimensionality determined by the residual analysis is compared with the rule of 1, where each additional eigenvector retained should explain at least 1/(number of solutes) of variance in the stream chemistry [Joreskog et al., 1976] . The eigenvector and residual analysis is first performed on the Lk catchment (total outflow of 147 ha). The fit between observed values stream water chemistry and their orthogonal projections is evaluated using two measures of error [Hooper, 2003] . The relative bias for solute j (b j ) is a measure of the systematic error between observed (x ij ) and projected values (x ij ),
where x j is the mean of observations for solute j and n is the number of observations. The relative root-mean-square error (RRMSE) is the standard deviation between the observations and their projected values [Taylor, 1997] and is normalized by the mean of the observations,
[20] Similar analysis is performed for the seven additional catchments, allowing a comparison of mixing-space dimensionality across scale. Stream water chemistry from the seven additional catchments is projected into the Lk catchment (147 ha) mixing model to evaluate the explanatory power of a single mixing model across scale and to test the assumption of conservative behavior of geochemical solutes.
Physical Interpretation of Contributing End-Members
[21] In the physical interpretation of contributing endmembers, we attempt to integrate the eigenvector and residual analysis of stream water chemistry with independent sampling of potential end-members and field-based hydrologic observations and site-specific knowledge. We use the three criteria outlined by Hooper [2001] to identify potential end-members. End-members must exhibit concentrations bounding that of the observed stream chemistry. They must have lower variability than stream chemistry and be distinct from other end-members [Hooper, 2001] . We screen the independently sampled geochemical signatures of end-members by projecting them into the mixing space of the Lk (147 ha) catchment and evaluating the difference between observed values and their orthogonal projections. Ideally successful end-members will fit into the Lk mixing space, bound stream water chemistry and support our Corresponding residuals (average magnitude) are shown for 1-D Lk (147 ha) mixing space (see also Figure 6 ). Residuals are also expressed as a percent of average concentrations. b ALK error is the sum of error for all other cations and anions as concentrations are not measured directly but rather are calculated using the charge balance equation. An additional 5% uncertainty could be added here for random error in the charge balance.
conceptual understanding of how water moves to the stream channel at MSH.
Results
Characterizing Stream Water Chemistry
[22] Stream water chemistry at MSH can generally be classified as a mixed-cation bicarbonate facies where we have used alkalinity (ALK) as a surrogate for bicarbonate. Figure 3 illustrates Piper diagrams of stream water chemistry for the Lk (147 ha) and Aw (11 ha [Wetzel and Likens, 1991] .
[23] EMMA is a linear mixing approach and requires tracers to exhibit conservative mixing, where geographical sources of water (e.g., groundwater) of given geochemical signatures physically mix together to form stream water. This method is based on the assumption that stream water chemistry is controlled by physical mixing and not by equilibrium chemistry [Hooper, 2003] . Linear trends in Table 1. bivariate solute plots have been used to suggest conservative mixing of tracers [Christophersen and Hooper, 1992; Hooper, 2003] . Figure 4 illustrates bivariate solute plots of stream water chemistry from the Lk catchment (147 ha). We observe a number of solute pairs to be collinear, exhibiting strong linear trends (r 2 > 0.5, p < 0. 
Independently Sampled End-Member Signatures
[24] Tracers included in EMMA must exhibit distinct concentrations for potential end-members . Figure 5 compares the characteristic geochemical signatures of end-members as sampled from instrumentation located along the two transects (T1 and T2) and the natural perennial spring located immediate above the Sc gauging station (Figure 1) . Throughfall exhibits the most dilute concentrations of base cations, ALK, and EC as compared to other potential end-members. Riparian groundwater, sampled from along the T1 transect of the upper Aw catchment (T1 GW), offers the most dilute concentrations from a terrestrial source of water. Mean concentrations at the perennial spring (Seep) located lower in the catchment system are slightly higher in both Ca 2+ and Mg 2+ concentrations than T1 groundwater (T1 GW), suggesting longer contact time with bedrock and thus longer mean residence times than for the upper Aw catchment local T1 groundwater. Perched water sampled along both the T1 (T1 PW) and T2 (T2 PW) transects generally exhibits fairly high concentrations with, in some cases, significant spatial and temporal variability. T1 soil water (T1 SW) collected from suction lysimeters in mineral soils on the steep hillslope and the valley bottom of transect T1 exhibits the highest Ca 2+ , Mg of the shallow fragipan. This is likely due to the weathering of plagioclase-feldspar [Tsujimura et al., 2001 ], a source of Ca
2+
and HCO 3 À ions in mineral soils of the hillslopes. Ca 2+ is the base cation most susceptible to weathering, while other cations may be stored in secondary minerals [Birkeland, 1999] . Under high storage (after spring snowmelt) or wet antecedent moisture conditions, the perched areas in the valley bottoms are connected directly to the stream channel. As a result, high concentrations from soil waters provide a possible upper bounding end-member to stream concentrations of Ca 2+ , Mg 2+ , EC, and ALK.
[25] Sampling of T2 shallow organic soil water (T2 SW) shows very different median concentrations than the T1 soil water (T1 SW). The T2 location samples organic soils immediately overlying bedrock without the thick underlying mineral soil horizon of the T1 transect. Concentrations of base cations in the T2 soil water are much more similar to T1 groundwater (T1 GW) and as a result do not offer a unique signature. The T2 soil water does offer a unique DOC concentration, the highest value beyond perched waters.
[26] Perched water from transect T1 (T1 PW) provides an upper bound on Na + concentrations that otherwise is not accounted for by other potential end-members. This potential end-member also provides an estimated upper bound to stream chemistry concentrations of ALK and DOC (with the exception of the organic soil water) but not for base cation (Na + , Mg 2+ , and Ca 2+ ) concentrations. T1 riparian groundwater (T1 GW) is surprisingly low in base cation concentrations as compared with the high concentrations of the T1 mineral soil water (T1 SW). Throughfall offers the most dilute base cation, ALK, and EC concentrations and during storm events could act as a lower bound to these solute concentrations in the stream channel.
[27] On the basis of strong linear trends in the bivariate solute plots and variation in end-member concentrations, we include Na + , Mg 2+ , Ca
, ALK, and EC as solutes in our EMMA approach. Although DOC does help distinguish end-members, and has been used in EMMA on an individual storm timescale, we do not include it here in the seasonal time frame analysis. Instead we include DOC for analysis on an individual storm timescale as additional independent evidence in the interpretation of contributing end-members.
Evaluating Mixing-Space Dimensionality
[28] We estimate the dimensionality (or rank) of the streamwater chemistry record at each catchment using as inputs the five solutes: ALK, Ca 2+ , Mg 2+ , Na + , and EC. With five solutes, the rule of 1 [Joreskog et al., 1976] retains eigenvectors explaining 1/5th (20%) of variance. For the Lk catchment, this results in a rank of 1, where two contributing end-members explain a total of 72.8% of the variance in stream water solute concentrations (Table 3) . To further evaluate mixing-space dimensionality, we examine the residuals (x ij Àx ij ) for each solute. Plotted against observed concentrations (x ij ), a random pattern of residuals suggests a well-defined mixing model. If residuals are not random, solutes may not adhere to the assumption of conservative mixing or the model may require greater dimensionality [Hooper, 2003] . Figure 6 illustrates residuals for individual solutes given an Lk (147 ha) catchment mixing space of one and two dimensions. For all solutes except EC, the average magnitude of residuals is smaller or similar in value to the analytical precision (Table 2) , resulting in no discernable pattern to residuals. This suggests that the variance in these solutes is already well represented by mixing two contributing end-members. EC is the only solute whose residuals pattern changes with an increase in dimensionality from one to two dimensions. In the case of EC, a small number of large stream water concentrations provide large negative residuals. This small number of high (>120 mS/cm) EC observations derive from samples collected during a large storm (25 mm) on dry conditions on 16 June 2001. Retaining a second eigenvector reduces these residuals to small values.
[29] For each of the additional upstream catchments, an independent estimate of dimensionality is repeated using catchment-specific stream water chemistry. The rule-of-one estimates a rank of 1 (one-dimensional (1-D) mixing space) for all catchments with the exception of the Aw and Sb catchments, which have a rank of 2 (Table 3) . For a 1-D mixing space, as with the Lk catchment, explained variance is quite high (>70%) with only the Yv catchment below this, at 58.9% variance explained. For the Aw and Sb catchments, three end-members (2-D mixing space) would explain over 90% of the observed variability. For the 1-D analyses of each catchment's stream water chemistry, statistical significant linear trends in EC residuals remain, often because of the high concentrations observed during the 16 June 2001 storm. For some catchments the linear trend is weak, but in all cases the residuals are larger than the analytical precision (1.5 mS/cm) of the EC measurements (Table 4) , indicating structure or pattern. Two of the catchments (Yv and Vc) also show residuals of alkalinity larger than analytical precision and statistically significant linear trends. For the Yv (38 ha) catchment, r 2 = 0.53, p < 0.001, and the mean absolute residual is 230 meq/L compared with analytical precision of 129 meq/L. For the Vc catchment, r 2 = 0.28, p < 0.001, and the mean absolute residual is 180 meq/L. The residual analysis across scale suggests a two-dimensional mixing space with three contributing end-members.
[30] In Figure 7a , the ''at-site'' RRMSE evaluates the variability of each catchment's stream chemistry and the ability of a catchment-specific linear 2-D model to explain this variability where stream chemistry from each catchment is projected into a 2-D mixing space created by its own eigenvectors. At-site RRMSEs are similar across all catchments with values ranging between 2 and 15% with only one exception (ALK for catchment EF at 23%). This indicates that a 2-D mixing-model specific to each catchment gives high performance in explaining stream chemistry variability across space, as was indicated by the residual pattern analysis and percent variance explained for a rank of 2 in Table 3 .
Projecting Upstream Observations Into the 2-D Lk Mixing Space
[31] Using as reference the total outflow of the Westcreek watershed, stream chemistry from the seven additional catchments is projected into the 2-D mixing space of the Lk (147 ha) catchment. Residuals for each catchment are illustrated in Figure 8 and the corresponding diagnostic statistics of projected RRMSE and relative bias, but are described in Figures 7b and 7c , respectively. Projected RRMSEs, where stream chemistry from each additional catchment is projected into the 2-D mixing space of the Lk (147 ha) catchment, can be compared to the at-site RRMSEs ( Figure 7a ) described in section 4.3.
[32] The Ef catchment (91 ha), located immediately upstream from the Lk catchment and delivering approximately two thirds of the total discharge, gives the best fit into the 2-D Lk mixing space. The projected RRMSEs are only slightly higher than at-site values, and the relative bias (Figure 7c ) is low for all solutes except Mg 2+ . In the case of Mg 2+ , the positive relative bias indicates that stream water concentrations are being overpredicted. These results indicate that at the Ef catchment, solutes with the exception of Mg 2+ appear to be mixing with the same ratios as for the Lk catchment.
[33] Upstream of the Ef catchment, fits deteriorate. The residual analysis in Figure 8 indicates structure for solute Mg 2+ at all catchments upstream of Ef (91 ha) with perhaps the exception of Sb (7 ha). Above the Ef catchment, Mg 2+ is underpredicted with the exception of the Sb catchment, where we have a large overprediction of all solutes. Figure 9 shows stream water chemistry observations from all catchments for the Mg 2+ -ALK bivariate solute diagram. Compared with the Lk stream chemistry, most of the catchments exhibit higher Mg 2+ concentrations with a lower slope in the linear trend line. As a result, we observe structure in Mg 2+ residuals for many of the upstream catchments.
[34] Upstream of the Ef catchment, Na + and Ca 2+ concentrations are consistently overpredicted by the 2-D Lk mixing space. There is some pattern in Ca 2+ for Sb (7 ha), and Vc (11 ha) catchments and the perennial spring (Seep). EC and ALK are generally better predicted across scale with the exception of the Sb catchment. For the Sb catchment, all solutes are overpredicted, indicating that stream water chemistry is more dilute than the range of concentrations Figure 7a shows the ''at-site'' RRMSE where each catchment is projected into a 2-D mixing space created by its own eigenvectors. Figures 7b and 7c show the projected RRMSE and relative bias, respectively, for each catchment projected into the Lk catchment 2-D mixing space. observed at the Lk catchment used to create the 2-D mixing space.
Screening End-Members in the 2-D Lk Catchment Mixing Space
[35] End-members are projected into the Lk (147 ha) mixing space, testing their ability to fit in the mixing space and to bound observed stream water chemistry. Using the approach developed by Christophersen and Hooper [1992] , we compare the median values of end-members (lower and upper quartiles in brackets) described in Figure 5 to their orthogonal projections in the 2-D Lk mixing space (Table 5) . Criterion for an acceptable fit is set at 15% difference between median values and orthogonal projections (bolded values).
[36] For EC and Ca
2+
, median throughfall concentration shows 11% difference between observed and projected values but percent differences are much larger for ALK and Na + . The Lk mixing space predicts the median throughfall Na + concentration to be 83% higher, and the median ALK concentration 78% lower than values sampled independently in the field. Observed median Mg 2+ concentration in throughfall is also 23% higher than predicted. For riparian groundwater sampled along transect T1 (T1 GW) all solutes but Ca 2+ show percent differences 11%, suggesting a good fit in the Lk 2-D mixing space. The median perennial spring concentrations are approximately $40% lower than predicted by the Lk 2-D mixing space.
[37] T1 perched water (T1 PW) does not fit well into the Lk mixing space for any of the five solutes. The median field sample is too high in Na + (61% higher) and too low in other solute median concentrations compared with orthogonal projections. However, T2 perched water (T2 PW) fits fairly well into the mixing space for Ca 2+ , EC, and ALK. The median concentration values are 25% higher than predicted for Mg 2+ and too low in Na + (À90%). T1 soil water (T1 SW) is a poor fit with absolute differences ranging from 21 to 172%. T2 soil water provides a fair fit (values only slightly above the 15% fit criterion in some cases) albeit too high in Mg 2+ (28%) and too low in Ca 2+ (À31%). Generally, greater success for independently sampled end-member fitting into the 2-D mixing space is observed for solutes EC and ALK, suggesting that the assumption of conservative behavior is most appropriate for these two solutes.
[38] End-members must also bound observed stream water chemistry. Figure 9 shows perched water from transect T2 (T2 PW) providing a high concentration endmember for ALK and Mg 2+ concentrations, while groundwater (T1 GW) and throughfall (Thfall) offer are more dilute end-members. For lower-concentration stream water, T2 soil water (T2 SW) is in line with the upper bound of Mg 2+ concentrations. All four of these end-members show some consistency with the 2-D Lk mixing space. Symbols indicate the median observed value end-members, and error bars represent the 25th and 75th percentiles.
[39] Figure 10 illustrates the 2-D Lk mixing space or Uspace, where U1 and U2 are orthogonal axes derived from the principle component analysis. In Figure 10a , stream water chemistry from the Lk (147 ha) catchment only is represented by black circles while in Figure 10b all stream water chemistry is included (n = 842). Projected values of end-members represent average observed values from individual instruments (e.g., wells, piezometers, lysimeters), data used in the calculation of the median value of each end-member represented in Table 5 . Groundwater (T1 GW, pink circles) clearly bounds stream water concentrations on the negative U1 axis. For this timescale of analysis, where multiple field seasons of observations are included, throughfall is not a unique bounding end-member, located to the right of groundwater (T1 GW) on the U1 axis. Observations of perennial spring water (Seep) show an evolution in concentrations (see also Figure 9 ), providing an upper positive bound along the U2 axis. Under later-spring wet conditions, T1 GW and Seep concentrations overlap on the U1 axis, while later in the season, these end-members diverge in geochemical signatures. Individual observations of perched water (T2 PW) show large variability but suggest a bounding end-member along the positive U1 axis.
Discussion
Stream Water Mixing-Space Dimensionality
[40] We hypothesize that all catchments should display the same dimensionality or rank. This is based on the assumption that all end-members are present in any given catchment, although each end-member could certainly be contributing to varying degrees in space. The rule of 1 provides variable estimates of catchment dimensionality, supporting a 2-D mixing space for two of the eight catchments and a 1-D mixing space for the remaining six. However, residual analysis suggests a rank of two or three contributing end-members for all catchments based on linear trends in EC residuals and in two instances, alkalinity residuals. This analysis appears to support our hypothesis of similar rank across scale. The small number of high , wells, piezometers, lysimeters) . These data are also used in the calculation of the median value of each end-member represented in Table 5 .
(>120 mS/cm) EC observations in stream water chemistry derives from samples collected from all catchments during a large storm (25 mm) on dry conditions on 16 June 2001. In contrast, water sampled from the natural perennial spring during this storm event does not show these high fluctuations, supporting the interpretation that during this storm an additional end-member is contributing to the stream channel.
[41] In this study, stream water was sampled over two late-spring to early-fall field seasons and focused specifically on 12 storm events, resulting in sample sizes ranging from 50 to 129 depending on the catchment (Table 1) . In comparison, the analysis performed on the Panola Mountain Research Watershed [Hooper, 2003] had over 223 data points for each gauging station and in two cases samples sizes >1000. Our focus on sampling of storm events under varying antecedent moisture conditions optimizes the chances of representing contributing end-members in this smaller data set. However, a greater sample sizes could provide additional evidence for a 2-D mixing space. Future collection of additional data and the following discussion of hydrologic interpretation provide a way forward to substantiate the rank of stream water chemistry at MSH.
Comparison of Stream Water Chemistry Across Scale
[42] The projection of stream water chemistry from the upstream catchments into the Lk 2-D mixing space allows us to compare variation in stream water chemistry across scale and attempt to examine where and for what solutes does control by physical mixing apply. For instance, our analysis indicates that Na + , Mg 2+ and Ca 2+ either (1) do not adhere to the assumption that concentrations are being controlled by physical mixing or (2) are not mixing with the same ratios upstream of the Lk gauging station. The atsite RRMSEs for these three solutes are fairly low for all catchments, suggesting that they do adhere with physical mixing control and the linear mathematics in a catchmentspecific 2-D mixing space. The projected RRMSEs and relative bias, though, can be quite large, indicating that the mixing ratios of ions are changing upstream of the Lk catchment. The Sb and Aw catchments provide strong examples of this, with large projected RRMSEs and relative bias for Na + and Ca 2+ (Figures 7b and 7c ). In the case of Mg 2+ , we observe the relative bias shift from overprediction (positive relative bias) to underprediction (negative relative bias) of values depending on the catchment.
[43] Compared with the other solutes, ALK and EC generally offer smaller and more consistent projected RRMSE and relative bias across scale. This suggests ALK and EC are more appropriate solutes for use in a single linear mixing model application across scale. The large relative bias and projected RRMSE for the Sb catchment results from more dilute concentrations compared with those observed at the Lk catchment. The Sb catchment is ephemeral, and observations of stream water chemistry are generally only possible under high storage (wet) conditions such as during late-spring/early-summer time periods. During this time, stream water chemistry at MSH is generally more dilute than later in the season. However, Sb concentrations are still more dilute than those observed at the Lk catchment. Solute plots of Sb stream chemistry still indicate a linear pattern, simply extending the lower range of concentrations observed at the Lk catchment.
[44] The spatial variation in stream water chemistry may be a function of the spatial variation in bedrock and soil composition, which will affect the geochemical signature of the groundwater end-member in particular. Chemical analyses of bedrock samples performed by Currie [1983] indicate varying MgO and CaO concentrations in the two suites (Sunrise and Pain de Sucre) dominating the western side of MSH, with higher concentrations of both oxides in the Sunrise suite (Figure 2 ). Groundwater contact with variation in bedrock composition could result in spatial variation of mixing ratios. There is also evidence of pockets of thick glacial till that could also provide spatial variation in geochemical signatures. In the Aw catchment, a $5-footthick (1.52-m) layer of glacial tile (or mineral soil) overlies steep sloping bedrock on the west side of the catchment in contrast to only shallow organic soils on the eastern side. Geochemical sampling of the mineral soil from transect T1 (T1 soil) offers significantly different geochemical signatures as compared with the organic soils overlying bedrock (T2 soil). The presence of localized pockets of glacial till is also supported by the variable gaining-losing reaches of the stream channel and the presence of the natural perennial spring. Although both the Sb and Yv catchments were observed to be ephemeral, immediately below these two gauging stations, the natural spring provides continuous flow, suggesting losses immediate upstream to a permeable reservoir that is expressed at the spring. Clearly the bedrock geology at MSH is complex and the distribution and minerology of glacial tile is relatively unknown. Further quantitative spatial analysis would be required to explicitly attribute changes in stream water chemistry to bedrock and/ or soil maps.
[45] The 2-D Lk mixing model is most successful at predicting stream water chemistry at the Ef (91 ha) gauging station located at the convergence of the east and west forks of the Westcreek watershed stream system 20 m upstream of the Lk gauging station. At this station, Mg 2+ is overpredicted but the remaining five solutes show small relative bias and fairly small projected RRMSEs (Figure 7b ). The capacity of the mixing model to predict stream water chemistry for the two largest catchments is suggestive of a naturally occurring representative elementary area (REA), a scale at which there is reduced variability in hydrologic response and above which resolution of the pattern of local heterogeneity is not necessary [Wood et al., 1988] . Similarity in stream water chemistry at the Ef and Lk catchments suggests an REA of 0.9 km 2 . In comparison, Wolock et al. [1997] observed solutes concentrations (e.g., acid neutralizing capacity, sum of base cations, pH, aluminum, DOC, silica) to stabilized at approximately 3 km 2 within the Neversink River watershed in New York State, interpreting this as the area required to attain equilibrium with the hydrologic and geologic system.
Hydrologic Interpretation of Source Water Contributions
[46] The eigenvector and residual analysis of stream water chemistry and the screening of independently sampled endmembers provide evidence against which to test our current understanding of hydrology at MSH. Independent sampling of groundwater is successful in fitting into the 2-D Lk mixing space and bounding stream water chemistry. However, we observe a strong seasonal evolution of the chemical signature of the perennial spring (Seep, Figures 9 and 10 ) and a corresponding evolution in stream water solute concentrations attributable to the occurrence of spring snowmelt and the mixing of different age reservoirs of groundwater. At MSH, water from spring snowmelt mixes with preexisting groundwater and soil water resulting in relatively dilute groundwater solute concentrations. Concentrations increase over the growing season (Table 6 ). For example, over the course of the 2002 springfall season, ALK concentrations increase by 536 meq/L in the perennial spring, and by 888 and 463 meq/L in stream water from the Lk and Aw catchments, respectively.
[47] This seasonal change in spring and base flow geochemistry in catchments controlled by snowmelt mixing has been positively correlated with seasonal increase in mean contact or residence time of groundwater. Positive correlation between residence time of spring water and concentrations of base cations related to mineral weathering (Ca 2+ , Mg 2+ , Na + ) has been found for springs in the Sierra Nevada [Rademacher et al., 2001] . On timescales greater than a single storm event (e.g., seasonal or multiple-year), solute concentrations, particularly major base cations (e.g., Ca 2+ , Mg 2+ , Na + , K + ) are often monitored as nonconservative tracers [Ogunkoya and Jenkins, 1993; Elsenbeer et al., 1994; Wolock et al., 1997; Burns et al., 1998; Rice and Hornberger, 1998; Kendall et al., 1999] , reflecting contact time or residence time because of slow mineral dissolution rates [Lasaga, 1984] . The greater the contact (or residence) time, the larger the tracer concentration until some maximum steady state value is attained [Trudgill et al., 1996; Burns et al., 1998] . Base flow will likely exhibit a maximum tracer concentration due to long residence time in the catchment system [Trudgill et al., 1996] . The time evolution of the geochemical signature of groundwater conflicts with the assumptions of end-member mixing analysis where signatures must be constant for the travel time of water from geographical sources to the stream channel.
[48] An alternative interpretation would be to consider groundwater with its changing geochemical signature to be a mixture of reservoirs [Rademacher et al., 2005] . In the case of the MSH analysis, we could assume groundwater (e.g., Seep) to be a mixture of two time-invariant reservoirs, a young (dilute) and old (concentrated) groundwater physically mixing to form groundwater contributing to the stream channel. For a seasonal or multiyear timescale analysis of stream water at MSH, these two groundwaters appear to be necessary end-members.
[49] In section 2.2 we hypothesized that the transient formation of perched water in the valley bottoms occurs due to the presence of the shallow fragipan and potentially expresses itself in the stream channel as a contributing endmember. The analysis presented in Table 5 and Figure 10 supports this hypothesis showing fit for perched water but not for T1 soil water, sampled from a pocket of glacial till along the T1 transect. We believe the high cation concentration of T1 soil water is a function of the presence of localized glacial till on the western side of the T1 transect. We suspect that this till is variable in its presence, contributing the high localized concentrations along transect T1 and possibly to the varying mixing ratios of Mg 2+ and C 2+ observed across scale. Groundwater solute concentrations from the Aw catchment are generally lower than these observations, indicating an overall dilution of solute concentrations at the scale of the catchment.
[50] Figure 11 illustrates response of stream water chemistry to a 38 mm storm event under dry conditions. In Figure 11a , tracers of dissolved organic carbon (DOC) and d
18
O illustrate the bounding of stream water chemistry by contributing end-members of groundwater, throughfall and perched water providing further support for our hypothesis of a perched water end-member. Figure 11b illustrates a 2-D mixing space (Uspace) created by eigenvector analysis of stream water chemistry from all catchments during this single storm event. In this analysis, EC, ALK, and DOC were used as tracers. Results from this single-event analysis help inform the analysis using the entire two-season stream water chemistry record. Although average solute observations of groundwater, throughfall, and perched water offer good fits within this 2-D mixing space, soil water does not, with percent differences between observed and projected values of solutes of À41, À37, and 54% for EC, ALK, and DOC, respectively. The evolution of stream water chemistry during this storm is illustrated for three catchments (Lk, Aw, and Vc). Stream water appears to begin as a mixture of groundwater and perched water, shifting toward throughfall along the U1 axis during the storm, and for some catchments, rising on the U2 axis toward perched water before returning toward its starting point. The difference in the expression of perched water in different catchments is illustrated by the Vc catchment, where the gauging station of this catchment is connected to transiently formed perched water within a low-lying area located immediately upstream. The individual storm event analysis provides additional support for a perched water end-member.
Conclusions
[51] The eigenvector and residual analysis of the multivariate MSH data set supports a 2-D mixing space for all eight variably nested catchments. On an individual catch- (Figure 4) and showing distinct concentrations in end-members (e.g., T1 soil and perched water in Figure 5 ), our analysis indicates that they do not mix in the same ionic ratios in all catchments. The changing mixing ratios Mg 2+ and Ca 2+ may result from the complex bedrock geology and pockets of glacial till variably distributed throughout the Westcreek watershed. Additional spatial analysis could provide a quantitative examination of the relationship between spatial patterns in stream water chemistry and bedrock and soil mineralogy. The similarity in mixing at the Ef (91 ha) and Lk (147 ha) catchments is suggestive of an approximate representative elementary area (REA) of 0.9 km 2 . In this analysis we were unable to a priori determine appropriate conservative tracers. Only the spatial testing of upstream catchment stream water chemistry in the Lk mixing space identified ALK and EC as most compatible with the application of a single mixing model across scale.
[52] Independent sampling of source waters was successful in identifying end-members that fit in the 2-D Lk (147 ha) catchment mixing space and bound stream water observations. The physical interpretation of contributing end-members varies somewhat with the timescale of analysis. On the timescale of a spring-to-fall season, the physical mixing of two groundwater end-members, one young in residence time with relatively low solute concentrations and one old in residence time with high solute concentrations, is required to account for the seasonal changes in geochemistry of groundwater. A perched water is proposed as a third end-member. For the timescale of an individual storm event observed on dry summer conditions, we assumed groundwater to be a single, well-mixed reservoir. In this case, analysis suggests stream water is a mixture of groundwater, perched water, and throughfall.
